The Solanum tuberosum L. Phureja Group consists of potato landraces widely grown in the Andes from western Venezuela to central Bolivia, and forms an important breeding stock due to their excellent culinary properties and other traits for developing modern varieties. They have been distinguished by short-day adaptation, diploid ploidy (2n = 2x = 24), and lack of tuber dormancy. This nuclear simple sequence repeat (nSSR or microsatellite) study complements a prior random ampliWed polymorphic DNA (RAPD) study to explore the use of these markers to form a core collection of cultivar groups of potatoes. Like this prior RAPD study, we analyzed 128 accessions of the Phureja Group using nuclear microsatellites (nSSR). Twenty-six of the 128 accessions were invariant for 22 nSSR markers assayed. The nSSR data uncovered 25 unexpected triploid and tetraploid accessions. Chromosome counts of the 102 accessions conWrmed these nSSR results and highlighted seven more triploids or tetraploids. Thus, these nSSR markers (except 1) are good indicators of ploidy for diploid potatoes in 92% of the cases. The nSSR and RAPD results: (1) were highly discordant for the remaining 70 accessions that were diploid and variable in nSSR, (2) show the utility of nSSRs to eVectively uncover many ploidy variants in cultivated potato, (3) support the use of a cultivargroup (rather than a species) classiWcation of cultivated potato, (4) fail to support a relationship between genetic distance and geographic distance, (5) question the use of any single type of molecular marker to construct core collections.
Introduction
Genebanks have been assembled for cultivated species and their wild relatives to provide long-term availability of crop genetic diversity. However, many collections have become large and expensive to maintain, and others have accumulated redundant (duplicated) accessions (Frankel and Brown 1984) . Funding constraints have stimulated studies to determine a subset of the entire collection that maintains most of the diversity of the entire collection (a "core collection;" Brown and Clegg 1983; Frankel 1984 ) that can be more intensively evaluated for breeding and other uses.
Many criteria have been used to construct a core collection, such as geographical distance and morphological data (Holbrook et al. 1993; Diwan et al. 1994; Basigalup et al. 1995; Huamán et al. 2000; Grenier et al. 2001) , biochemical data (Grauke and Thompson 1995) , or pedigree relationships (Van Hintum and Haalman 1994) . Brown (1989) considered genetic marker assisted selection as the preferred method to construct core collections, but it was initially considered too expensive and time-consuming to be eVective (Gepts 1993) . Increased eYciencies and concomitant cost reductions to obtain molecular data have improved dramatically, however, increasing their popularity to construct core collections. Molecular markers have several putative advantages to analyze diversity (Crawford 1990 ), including: (1) freedom from environmental and pleiotropic eVects; (2) presence of more independent markers than morphological or biochemical data; (3) DNA characters can be more easily scored as discrete states as alleles or DNA base pairs (bp); (4) DNA characters have a much better chance of being associated to homologous traits; (5) most of the markers are selectively neutral. A large portion of the genome can be analyzed directly at the genetic level through DNA assays, while the other methods are based on phenotypic classes frequently corresponding to multiple genotypes (Gepts 1995) . Molecular markers are useful for the management of ex situ collections to address genetic identiWcation, redundancy, and genetic variation.
Several DNA marker candidates are of potential use to construct core collections (Spooner et al. 2005b ). These include nuclear restriction site length polymorphisms (nRFLPs; Tanksley et al. 1989) , random ampliWed polymorphic DNA (RAPDs; Williams et al. 1990 ), ampliWed fragment length polymorphisms (AFLPs; Vos et al. 1995) and nuclear simple sequence repeats (nSSRs, also referred to as nuclear microsatellites; Provan et al. 1996) . Dominant markers, such as RAPDs and AFLPs, are relatively easy and inexpensive but are potentially less informative than co-dominant markers such as nRFLPs and nSSRs (Spooner et al. 2005b ). More problematic, diVerent molecular markers sometimes provide discordant results (Wendel and Doyle 1998) . For these reasons we tested nSSRs as a complement to the RAPD data (Ghislain et al. 1999) for the construction of core collections in cultivated potato.
We use a cultivar-group classiWcation of potato in our study. Until recently, the most commonly used taxonomic system (Hawkes 1990 ) recognized seven cultivated species and seven subspecies. Morphological phenetic studies of Huamán and Spooner (2002) , combined with a summary of prior crossing and molecular data, showed only little support for these taxa and led them to reclassify cultivated landrace populations of potatoes (i.e., all "taxa" except modern cultivars of Solanum tuberosum L.) as a single species, S. tuberosum, with eight cultivar groups. One of these, Phureja Group (Solanum phureja Juz. and Bukasov subsp. phureja) was distinguished by shortday adaptation, diploid ploidy (2n = 2x = 24), and tubers lacking dormancy. They occur throughout the eastern slope of the Andes from western Venezuela to central Bolivia at elevation between 2,000 and 3,400 (Ochoa 1990 ).
Materials and methods

Plant materials, chromosome counts
One hundred and twenty-eight accessions out of the total CIP germplasm collection of 170 accessions of the Phureja Group were initially used for this study, with 70 diploid accessions of these with diVerent nSSR genotypes (Table 1) used for Wnal phenetic analysis (below). These 128 accessions included 85 from Colombia, 25 from Ecuador, 14 from Peru, and four from Bolivia. The identiWcations of these accessions were largely made by the potato taxonomists J.G. Hawkes, Z. Huamán, and C. Ochoa.
Somatic chromosome counts were made from materials planted from tubers of these collections, grown in greenhouses at the CIP station in Huancayo, Peru. Mitotic counts were obtained from root tips by the acetocarmine squash technique (Smith 1974) .
DNA extraction, microsatellite primers, and PCR conditions Genomic DNA was obtained using standard protocols used at CIP (Ghislain et al. 1997) . Its concentration was estimated by visually comparing the intensity of undigested genomic DNA with of the upper band (11,490 bp) of 1 g of DNA (Gibco-BRL, Gaithersburg, MD, USA) digested with PstI (equivalent to 280 ng) and subjected to electrophoresis on a 1% agarose gel stained with ethidium bromide. We have used the potato genetic identiWcation (PGI) kit described in Ghislain et al. 2004 . The primers and ampliWcation conditions used in the present study are listed in Table 2 . PCR reactions were performed in a 20 l volume containing 100 mM Tris-HCl, (Sigma, St. Louis, MO, USA) 20 mM (NH 4 ) 2 SO 4 (Merck, Whitehouse Station, NJ, USA), 2.5 mM MgCl 2 (Merck), 0.2 mM of each dNTP (Pharmacia or Amersham, Phoenix, AZ, USA), 0.5 mM of each primer (forward and reverse, Genset or Operon Technologies and Gibco, Alameda, CA, USA), 1 U Taq polymerase (Gibco-BRL) and 10 ng of genomic DNA. The PCR reaction was overlaid with 50 l of mineral oil. PCR was carried out in a PTC-100 thermocycler (MJ Research Inc., Watertown, MA, USA). The program used was the following: 3 min at 94°C, 2 min at annealing temperature (Ta), 1 min 30 s at 72°C, Table 1 The 70 accessions ultimately examined in this study for RAPD and nSSR phenetics (Fig. 4a, b 29 cycles of 1 min at 94°C, 2 min at Ta and 1 min 30 s at 72°C, with a Wnal extension step of 5 min at 72°C. In some cases, a modiWed PCR program was used: 3 min at 94°; 16 double cycles of 1 min at 94°; 2 min at 60°, 1.5 min at 72°, and 1 min at 94°; 2 min at 50°, 1.5 min at 72°; and one Wnal elongation cycle of 5 min at 72°.
Nuclear SSR allele detection and scoring AmpliWcation products were separated using a denaturing polyacrylamide gel (6% acrylamide, Urea 7 M) stained with a silver staining protocol according to manufacturer's directions (Promega Corporation, Madison, WI, USA). The nSSR alleles were determined for size in bp and scored as present (1) or absent (0) on a denaturing polyacrylamide gel. Each nSSR allele was characterized by co-migration with a 1 bp ladder formed by a sequence of pUC18-forward primer. The scored band was either the upper band of each nSSR allele when visible as double band or the most intense one in the case of stutter bands.
Data analyses
Molecular marker variance was calculated as V m = ((npq)/(n¡1), where n = number of individuals of the population, and p and q = frequencies of presence and absence of a nSSR marker allele in the population. The polymorphic index content (PIC) was calculated as PIC = 1¡ (p i 2 ), where p i is the frequency of the ith allele detected in all individuals of the population (Smith et al. 1997) .
We reanalyzed a 70-accession subset of the RAPD data (Ghislain et al. 1999) corresponding to the same accessions as our new nSSR data (see below). The following analyses were conducted using programs in NTSYSpc Version 2.02k (Applied Biosystematics, Setauket, NY, USA). Similarities between accessions were estimated using the DICE, simple matching (SM) and Nei72 coeYcients of similarity. Similarity matrices based on these three separate estimators (DICE, SM, Nei72), and diVerent marker types (nSSR, RAPD) were compared using the Mantel matrix-correspondence test (Mantel 1967) .
The geographic distribution of the accessions was mapped based on the locality data available (Fig. 1) . Some accessions had locality data only to the level of the Wrst-level administrative subdivisions (three records from Imbabura, Ecuador, and 15 from Nariño and one from Cauca, Colombia) and were mapped in the center of these departments, but only considering areas with an elevation of 2,000 m above sea level and higher. The maximum uncertainty (Wieczorek et al. 2003) due to this approach was about 100 km for the Colombian records and 45 km for the Ecuadorian records. We considered this acceptable given the scale of our study (2,500 km between the points furthest away). Pairwise geographic distances among all accessions were calculated using DIVA-GIS v5.2 (Hijmans et al. 2001 ). Instead of straight geographic distance, we could have considered measuring distances between localities using a path that is restricted to the Andes, and is not allowed to cross the Amazon low lands where there are no potatoes. However, because of the very strong North/South orientation of the Andes, such an adjustment could only marginally change the results and was therefore, not considered here. The correspondence of geographic distance to RAPD and nSSR distances was determined with the Mantel matrix-correspondence test.
Cluster analyses were conducted on similarity estimates using the unweighted pair-group method, arithmetic average (UPGMA), and neighbor joining (NJ) in SAHN. The "FIND" option was enabled to detect all possible trees. Cophenetic correlation coeYcients were calculated for all combinations of similarity and tree building methods using the procedures COPH and MXCOMP. These coeYcients indicate the correlation between a similarity matrix and the phenetic tree resulting from it after a cluster analysis, indicating goodness of Wt of the cluster analysis to the similarity matrix. Clustering methods and similarity coeYcients are described in Rohlf (1993) . Bootstrap values were determined for the RAPD and nSSR trees from 500 random replicates using WinBoot (Yap and Nelson 1996) . WinBoot does not handle missing data, present in a low frequency (3.4%) in the RAPD results. Bootstrap runs for RAPD data, therefore, were done twice, once with substituting missing values with a score of 0 and a second time with a substitution with 1; the lower of the two bootstrap values was considered as representative.
Results
Locus characterization of nSSR markers
Microsatellite markers used in the present study are claimed to be at single locus based on their genetic (Milbourne et al. 1998; Ghislain et al. 2004) . A complementary assay to conWrm or refute their single locus status is the maximum number of alleles per genotype assayed in a large pool of genetically diverse germplasm with known ploidy. Although the nSSR set was developed with markers at single loci, we identiWed three markers with possibly two loci or more (STM0019, STM3023, and STM2013). Indeed, we found repeatedly 3-5 nSSR alleles per genotype of the Phureja Group accessions. In some cases nSSR allele sizes allowed us to distinguish the two loci. This was the case of STM0019, which generates two well-separated nSSR allele regions on polyacrylamide gels representing two loci named STM0019a locus and the STM0019b locus (Fig. 2) . Therefore, nSSR allele identiWcation is easy because their size range do not overlap ( Table 2 ). The nSSR marker STM3023 is diVerent in that size range overlaps of the alleles at the two loci, named STM3023a and STM3023b (Table 2) . However, the nSSR alleles have diVerent band phenotypes, which allow their recognition as of two diVerent loci (Fig. 2) . The third nSSR marker corresponding to at least two loci, STM2013, does not display identiWable diVerences but a higher number of alleles per genotypes known to be diploid by chromosome counting (Fig. 2) .
Nuclear SSR markers as ploidy identiWers
The nSSR analysis of the 128 genotypes of the Phureja Group collection revealed several genotypes not Wtting the expected diploid ploidy. These accessions repeatedly displayed more than the two nSSR alleles expected for a marker at single locus (Fig. 3) . The ploidy of these accessions was estimated by chromosome counting in root tips and corroborated the observation with the nSSR markers in all but one case (Table 3) . These results validate the use of 21 nSSR markers of the PGI kit (excluding STM2013) as ploidy identiWers when assayed for diploid potato. Indeed, 68 of 71 genotypes identiWed as diploid by chromosome counting did not exceed two alleles for any of the 21 nSSR markers. Two of three remaining genotypes are thought to be scoring error while the third a labeling error and thus, eliminated from further analyses. For triploid and tetraploid genotypes, the 21 nSSR markers displayed more than two alleles in 23 cases of 28. Hence, of 74 genotypes displaying less than two alleles of 102 genotypes analyzed, the PGI kit predicted their diploid nature at 92%. Because the Phureja Group was deWned partly on diploid ploidy, further analysis used only the 70 remaining accessions that were diploid and were distinct by nSSR markers.
Redundancy in the Phureja Group collection
The use of the 22 nSSR markers on the 128 accessions of the Phureja Group collection produced 150 nSSR alleles. A total of 145 of these 150 alleles were polymorphic, and Wve monomorphic. One primer pair, STM2030, produced no variation on any of the 128 accessions. Taking out the 26 polyploid accessions, the number of nSSR alleles dropped to 97 for the remaining 102 accessions. Two primer pairs (STM1064 and STM1058) produced no variation in the remaining 102 accessions ( Table 2 ). The remaining 19 primer pairs uncovered 13 groups of individuals (total of 26) with identical nSSR alleles which were considered as duplicate because the probability of this happening by chance were between 5.2 £ 10 ¡14 and 2.5 £ 10 ¡5 % (Table 4) .
Phenetic results
RAPD results
In order to compare nSSR and RAPD marker systems, a new RAPD data set containing these 70 accessions was extracted from the original RAPD data set (Ghislain et al. 1999 ). Only 52 RAPD markers of the 79 originals were informative on this sample. The best cophenetic correlation coeYcient was produced from the combination of DICE/UPGMA (r = 0.618), subjectively interpreted by Rohlf (1993) as a poor Wt of the similarity matrix to the resulting tree. Successively lower r-values were produced by the combination Nei72/UPGMA (0.591), SM/UPGMA (0.590), SM/NJ (0.389), DICE/NJ (0.349), and NEI72/NJ (0.339). DICE (or the similar Jaccard's coeYcient, that both ignore 0/0 matches for dominant markers) typically is considered an appropriate estimator for RAPDs. A single DICE/UPGMA tree was produced (Fig 4a) . Bootstrap support for this tree was poor (mainly in the inner nodes) to as high as 82%. There are no well-deWned geographic clusters. Example is shown for nSSR marker locus STM0019a of ten Phureja accessions of which accessions three and seven display three and four nSSR alleles (indicated by asterisk), respectively 1 2 3 4 5 6 7 8 9 10 Table 3 Coincidence between allele number of 21 SSR markers and ploidy of potato landraces of the Phureja Group Genotypes invariants by SSR marker analyses (26) 
Nuclear SSR results
The best cophenetic correlation coeYcient was produced from the combination of SM/UPGMA (r = 0.821), subjectively interpreted by Rohlf (1993) as a good Wt of the similarity matrix to the resulting tree. Successively lower r-values were produced by the combination SM/NJ (0.814), Nei72/UPGMA (0.800), SM/NJ (0.733), DICE/NJ (0.594), and NEI72/NJ (0.583). The SM coeYcient is often considered an appropriate estimator for dominant nSSR markers. A total of 192 DICE/UPGMA trees were produced. Figure 4b presents a strict consensus tree of these 192 trees. Bootstrap support for this tree was poor (mainly in the inner nodes) to as high as 99%. Similarly, there are no well-deWned geographic clusters.
Tree comparisons There is extremely low concordance between the RAPD and nSSR results, and either of these to geographic distance. This is evident by: (1) the extremely low-Mantel matrix-correspondence values (0.21) that compared the DICE similarity matrix of the RAPD data to the SM matrix of the nSSR data, 0.12 for RAPD/geography, and 0.37 for SSR/geography; (2) the extremely low-Mantel matrix-correspondence Table 4 List of genotypes of the Phureja Group that could not be resolved with the 22 nSSR markers of the potato genetic identiWcation kit
The column labeled "By chance" represents the probability that these accessions would have the same SSR alleles by chance alone. values of the corresponding trees of these similarity matrices of 0.29 for RAPD/nSSR, 0.17 for RAPD/ geography, and 0.37 for SSR/geography; these low values across these marker types contrast with high values (0.93 and higher) comparing all combinations of similarity matrices and tree building methods within marker type; (3) a visual comparison of correspondence between the RAPD and nSSR trees (Figs. 4a, b) , and (4) the very few branches that are common to both studies (designated by asterisks) on the trees.
Use of nSSRs for constructing a core collection
In order to select a core collection of the 128 accessions of the Phureja Group, we applied the methodology described previously using RAPD markers (Ghislain et al. 1999) . From each stratum under a certain similarity value, a genotype is selected considering maximum allele retention. Sampling is based on the phenogram built by similarity values not considering geographical origin. Due to the reduction from 128 to 70 accessions, the former core sample of 20 accessions using RAPD markers is not valid anymore as only Wve accessions of the 20 are still present in the 2£ Phureja Group. A new selection was made using 91 nSSR alleles (Table 5) . As shown previously with RAPD data, the selection of most genetically diverse samples based on marker data can eVectively reduce the sample size down to less than 20 individuals. Here, with only 18 of them less than 8% of the nSSR alleles are lost. The addition of 52 RAPD marker data did not maximize the ratio sample size versus allele content. On the contrary, the addition of RAPD marker data reduces the percent of marker allele loss for the same sample size (Table 5) . Fig. 4 
Discussion
Nuclear SSR markers as support for a cultivar-group classiWcation of potato Huamán and Spooner (2002) recognized cultivar groups as appropriate to serve the practical purposes to users, but not as natural taxa deserving species status. They deWned the Phureja Group by short-day adaptation, diploid ploidy (2n = 2x = 24), and tubers lacking dormancy. Chromosome counts were not available to Hawkes and Ochoa who originally identiWed these accessions, and their assumption of diploidy for these accessions was apparently incorrect in some cases. Our new chromosome count data show that cultivars with no tuber dormancy span diploid and tetraploid ploidy levels. They provide further support to the lack of coherent traits maintaining the classiWcation of cultivated potatoes as separate species, and further support a cultivar-group classiWcation of cultivated potatoes. We propose a reWnement of the deWnition of the Phureja Group here be redeWned to include cultivars lacking tuber dormancy, irrespective of their ploidy. Until recently, potato was hypothesized to have multiple and independent origins (reviewed in Huamán and Spooner 2002 ), but Spooner et al. (2005a) found support for a single origin of potato from a member of the wild potato Solanum brevicaule complex from southern Peru. Many studies have shown that potato Welds in the Andes contain mixtures of cultivated species at diVerent ploidy levels (e.g., Ochoa 1958; Brus et al. 1981; Johns et al. 1987; Zimmerer 1991) . Peloquin (1989, 1991) showed both diploid and unreduced gametes to be common in the South American wild and cultivated species, potentially allowing gene transfer among diVerent ploidy levels. Under such a scenario it is therefore, not surprising that there has not been a divergence of S. tuberosum into well-deWned species.
Concordance between RAPD and SSR trees Our results revealed extremely low concordance between the RAPD and the nSSR trees. Similar very low concordance values between RAPD and nuclear RFLP also were found by Powell et al. (1996, r = 0.150 ; for infraspeciWc comparisons as in our present study), Milbourne et al. (1997, r not calculated but other correlations measures relatively low), and Russell et al. (1997, r = 0.235) . Sun et al. (1999, r = 0.267 ) similarly found very low concordance of RAPDs and nSSRs. However, Sun et al. (1997) found a good correlation value of 0.80 when comparing wheat nSSR markers and RAPD markers in several species of Elymus. A possible explanation for such diVerence may rely in the type of information provided by each molecular marker system. RAPD markers are randomly distributed in the genome and hence largely from the intergenic regions. In contrast half of the nSSR markers used in the present study were developed from the untranslated regions and introns of genes (8 in 5Јor 3Ј UTR and 5 in introns). It is possible that the selection on gene bias the nSSR allele distribution as reported in a review on microsatellites within genes by Li et al. (2004) . In addition, nSSR markers do not undergo the same evolutionary process as AFLPs, RAPDs, or nRFLPs, but evolve mostly by a slippage mechanism more frequently that base pair changes and insertions and deletions (Tautz and Rentz 1984; Tautz et al. 1986; Delsney et al. 1988) . Another factor is possible nonhomology of bands (Chalmers et al. 1992; Tinker et al. 1993) . Homoplastic bands are logically more frequently observed on low-resolving gels such as on agarose gels (used in RAPD) than on polyacrylamide gels (used for nSSR). Finally, the number of markers might be too low to provide good estimate of the genetic variability (Messmer et al. 1991; Smith et al. 1992) , as precision improves with greater number of markers (Moser and Lee 1994; Spooner et al. 1995) .
Gene Xow among populations is thought to diminish with geographic distance and thus, germplasm collectors are advised to collect from as many geographically distant sites as possible to maximize genetic variation (Marshall and Brown 1975; Chapman 1989) . Actual measurements of genetic diversity and geographic distance, however, have shown that this expectation is not always met. The lack of such association we show here also was found in crop wild relatives by Lamboy et al. (1996) in Malus, Gallois et al. (1998) Our results reveal the superior polymorphism detection power of nSSR markers compared to RAPD markers for similar number of markers. The utility of this nSSR core collection is suspect, however, for actual use by breeders for two reasons. First, the failure of RAPD and nSSR data to give similar results suggests that these diversity estimates do not measure the same genetic diversity. Second, studies in common bean show no relationship between neutral marker diversity and functional diversity (Skroch et al. 1998 ). Perhaps the assumption by Brown (1989) and others that neutral marker diversity is of superior use to construct core collections should be challenged and tested with assays of functional diversity.
